model that FMRP is a repressor of translation in vivo
Quantification demonstrated that some of the dendritic messenger RNAs are translated more efficiently and regulates translation of specific dendritic mRNAs, including those encoding the cytoskeletal proteins Arc/ in the FMR1 KO mice compared to the wild-type mice ( Figure 1B ). In particular, the PMP for Arc increases by Arg3.1 and MAP1B, and the kinase ␣-CaMKII. FMRP is found in a ribonucleoprotein complex that also contains 38% in KO mice while that for ␣-CaMKII and MAP1B increases by 13% and 17%, respectively. The mRNAs the small dendritic non-translatable RNA BC1. BC1 binds directly to FMRP and can also associate specifiof the two FMR1 homologs, FXR1 and FXR2, are also translated more efficiently in FMR1 KO mice compared cally with mRNAs regulated by FMRP. These results strongly suggest that BC1 RNA recruites FMRP to the to the wild-type, presenting a 22% increase in their PMP. Significantly, this is not a general phenomenon as the targeted mRNAs, thereby determining the specificity of FMRP action. distribution of mRNAs encoding GlyR␣1, GluR1, MAP2, ␤-Actin, and the non-translatable dendritic BC1 RNA on the polysome gradient do not change significantly Results 
(Figure 1B
)
, 2000). calmodulin-dependent protein kinase II, whose function
We found that the translation of some dendritically is associated to synaptic plasticity (Soderling, 2000) and localized mRNAs is also increased in purified synaptowhich is highly expressed at the synapses where its neurosomes and the increase is, in fact, even higher than in mRNA is translationally regulated (Bagni et al., 2000); total brain. In particular, the PMPs of Arc and ␣-CaMKII Arc, the activity-regulated cytoskeleton associated promRNAs increase by 34% and 53%, respectively (Figure tein, also known as Arg3.1 (Lyford et al., 1995; Link et 1B). The MAP1B, ␤-Actin, and Ferritin mRNAs were not al., 1995); the two FMRP homologs, FXR1P and FXR2P; detectable in the synaptoneurosomes under the same GlyR␣1, the ␣ 1 subunit of the glycine receptor, and PCR conditions used to amplify the dendritic mRNAs, GluR1, a subunit of the ionotropic glutamate receptor while the analysis of GlyR␣1, GluR1, and MAP2 was not AMPA, because they are thought to play a role in synapperformed on the synaptoneurosomes because they did tic plasticity (Muller et al., 2002); and, as a control, the not show any significant difference in total brain extracts small dendritic RNA BC1 (Tiedge et al., 1991). Since BC1 of wild-type and FMR1 KO mice. In conclusion, several, does not encode a protein, it should not associate with but not all, mRNAs are translated more efficiently in translating polyribosomes.
FMR1 KO mice, and this effect is significantly stronger A reliable way to assess mRNA translational efficiency in isolated synaptoneurosomes as compared to the total is to analyze its partitioning between actively translating brain extracts. polysomes and mRNPs that are not translated (Bagni To determine whether the translational upregulation et al., 2000). To gauge the translational efficiency, the also leads to higher levels of the proteins in question, percentage of a given mRNA associated with polysomes we assayed equal amounts of the respective extracts (PMP ϭ Percent of Messenger on Polysomes) is quantiby quantitative immunoblotting. ␤-Actin was used as a fied. Cytoplasmic extracts, prepared from a whole brain control; as expected, its abundance is not affected in were fractionated through sucrose gradients (see Experthe FMR1 KO ( Figure 1C ). The level of the other assayed imental Procedures). Ten fractions were collected from proteins reflects quite well the translational efficiency each gradient while recording the absorbance profile of their mRNAs. Thus, Arc, FXR2P, and MAP1B are more ( Figure 1A ). Total RNA was extracted from the gradient abundant in total brain extracts from FMR1 KO versus fractions and then analyzed by quantitative RT-PCR for wild-type mice, and the effect was much more pronounced specific mRNAs. To correct for variations in the effiin the synaptoneurosome preparation. For ␣-CaMKII, the ciency of the RT-PCR reaction, the same amount of a increase was observed only in the synaptoneurosomes. synthetic RNA was added to each sample, amplified, Surprisingly, a significant part of the synaptosomal and used for normalization. Exemplarily, the analysis of BC1 RNA cosediments with the polysomes of FMR1 the ␣-CaMKII mRNA, BC1, and the synthetic control KO, but not of wild-type mice ( Figures 1A and 1B) . This RNA is shown for the total brain extracts and the synaptoshows a clear dysregulation of BC1 RNA and demonneurosomes preparation (see below). In each set of panels, strates that BC1 RNA has the ability to associate with the top row shows the distribution of the ␣-CaMKII mRNA, the middle row BC1, and the bottom the control RNA.
large complexes, possibly the translating ribosomes, (Cheng et al., 1997) . Distribution of the human BC200 reveals a neuron-specific expression and dendritic localization (Tiedge et al., 1993) , suggesting a role in dendritic RNA transport and/ or translation. This prompted us to investigate whether BC200 is associated with human FMRP. We specifically immunoprecipitated the FMRP-RNP particle from human neuroblastoma, glioma, and lymphoblast cell line extracts ( Figure 3C While this may indicate either that the majority The finding that BC1 significantly changes its partiof the RNA is folded in an unfavorable structure or that tioning on the polysome gradients in the absence of the high concentration may be too far from physiological FMRP prompted us to investigate whether BC1 is assoconditions, we believe that the binary complex has a ciated with FMRP. For this purpose, we specifically imrather high dissociation constant and needs to be stabimunoprecipitated the FMRP-RNP particle. Antiserum lized by additional proteins (see Discussion). This notion directed against the FMRP C terminus, but not preimis supported by our finding that BC1 RNA predominantly mune serum, efficiently immunoprecipitates FMRP from forms a complex in brain extracts that is bigger than the mouse brain extracts ( Figure 3A ). Efficient immunoprebinary complex (compare lanes 2 and 4). This complex cipitation requires elevated salt concentrations possibly contains FMRP protein, as judged by its shift upon addibecause the C terminus is masked at physiological salt tion of anti-FMRP antibodies. concentrations; nevertheless, the antibodies precipitate a protein complex that also contains FXR1P, a known FMRP interactor ( Figure 3A ). To elucidate if the small BC1 Mediates the Interaction between FMRP and the Regulated mRNAs dendritic RNA BC1 is part of the FMRP complex, total brain extracts were used to immunoprecipitate FMRP.
Since BC1 RNA associates with FMRP, it might well target, via base-pairing, FMRP to the mRNAs that are to be reguAnalysis of coprecipitating RNA by RT-PCR showed that FMRP can specifically immunoprecipitate BC1 RNA as lated. To support this hypothesis, we searched for regions of complementarity between BC1 and the regulated well as Arc and MAP1B mRNAs, whereas the ␣-Tubulin mRNA is not immunoprecipitated ( Figure 3B ). The bindmRNAs. We found that nt. 3-21 and nt. 47-70 of BC1 RNA are predicted to basepair almost perfectly to MAP1B ing specificity was demonstrated by using extracts from the FMR1 KO mice (lanes 6, 8, 10, 12) as well as from mRNA, while the overlapping region nt. 62-77 is predicted to basepair with ␣-CaMKII mRNA, and the region preimmune serum (data not shown), which did not im- For further support of a direct interaction between BC1 RNA and the mRNA targets, we designed a 21mer DNA oligonucleotide that anneals to BC1 RNA in the region of complementarity to MAP1B mRNA, which has the longest region of homology among the targeted mRNAs (the region covering 47-70, oligo BC1-sl-1). Total brain cytoplasmic extracts were incubated at 37ЊC with the BC1 oligo. Then FMRP was precipitated, and the associated RNAs were analyzed by RT-PCR. Initially, two concentrations of oligos corresponding to an estimated 150 and 750 molar excess of BC1 were used; since both gave the same result, we used the lower concentration in the subsequent experiments.
As shown in Figure 6A , annealing of the specific oligo, as opposed to a control oligo directed against ␤-Actin mRNA, reduced coprecipitation of BC1 with FMRP. To verify whether this reduction was due to either a destruction of BC1 by an RNaseH activity in the extract or to an interference of the oligo with FMRP binding to BC1 (Zhang et al., 2001) . Here, we show that translation of specific mRNAs is up-regu-3B) and that it can bind directly to FMRP (Figure 4) , establishing a physical link between the two molecules. lated in FMR1 knockout mice. Significantly, the translational repression by FMRP is much stronger in isolated This association appears to be rather tight, since it was observed at stringent salt concentrations in immunopresynaptoneurosomes than in total brain extracts ( Figure  1B) . Interestingly, the translational repression acts specipitation and band shift experiments. Thus, the interesting model arises in which BC1 RNA binds to FMRP and cifically only on a subset of neuronal mRNAs and affects also associates with mRNAs, thus bridging FMRP and the one identified as a possible G quartet. Therefore, the mRNAs (Figure 7) . In this way, BC1 might well be the putative G quartet structures in the target mRNAs responsible for targeting FMRP to the mRNAs that are could be bound by BC1 RNA. to be regulated. Since FMRP is thought to inhibit translaThe pathology in the brain of both FRAXA patients tion at the initiation step, this model predicts that only and FMR1 knockout mice appears to be limited to aba minor fraction of BC1 coassociates with actively normalities in the dendritic spines. Since local protein translating ribosomes and that this fraction should sigsynthesis is required for synaptic development and nificantly increase when FMRP and, hence, the block of function, the repressor role of FMRP likely underlies translation is removed. This is indeed the case. Second, the behavioral and developmental symptoms of FRAXA the model predicts that BC1 RNA would bind to those patients. The fact that FMRP depletion does not have mRNAs regulated by FMRP. We found significant a lethal effect suggests that FMRP is a regulator only stretches of complementarity between BC1 RNA and of a subset of mRNAs whose translation occurs in den-MAP1B, ␣-CamKII, and Arc mRNAs, and these regions drites. We believe that these data offer new and imporare located on the longer stem loop of the BC1 RNA tant insights into the molecular mechanisms of the Frag- (Figures 5A and 5B) . To verify our assumption, we interile X syndrome and translational regulation at synapses. fered with the putative BC1/mRNA interaction using RNA oligos and demonstrated that the interaction of 
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